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Infection of HeLa cells with adenovirus serotype 2 causes rearrangements in nuclear matrix morphology
which can best be seen by gentle cell extraction and embedment-free section electron microscopy. We used these
techniques to examine the nuclear matrices and cytoskeletons of cells at 6, 13, 28, and 44 h after infection. As
infection progressed, chromatin condensed onto the nucleoli and the nuclear lamina. Virus-related inclusions
appeared in the nucleus, where they partitioned with the nuclear matrix. These virus centers consisted of at
least three distinguishable areas: amorphously dense regions, granular regions whose granulations appeared to
be viral capsids, and filaments connecting these regions to each other and to the nuclear lamina. The filaments
became decorated with viral capsids of two different densities, which may be empty capsid shells and capsids
with DNA-protein cores. The interaction of some capsids with the ifiaments persisted even after lysis of the cell.
We propose that granulated virus-related structures are sites of capsid assembly and storage and that the
filaments may be involved in the transport of capsids and capsid intermediates. The nuclear lamina became
increasingly crenated after infection, with some extensions appearing to bud off and form blebs of nuclear
material in the cytoplasm. The perinuclear cytoskeleton became rearranged after infection, forming a corona

of decreased filament number around the nucleus. In summary, we propose that adenovirus rearranges the
nuclear matrix and cytoskeleton to support its own replication.

Adenoviruses are nonenveloped DNA viruses of 70 to 80
nm in diameter (18, 29). After infection, adenovirus virions
are transported into the nuclei of host cells, where viral
transcription, DNA replication, and virus assembly occur
(30). The assembly of virions in the nucleus is not completely
understood, but a consensus about the major events in
assembly has emerged (19). Virion protein synthesis is
detectable by 7 h after infection (42). Capsomeres are
assembled in the cytoplasm within minutes after their con-
stituent proteins are synthesized and are quickly transported
into the nucleus (20). The capsomeres begin to appear in the
nucleus within 15 min of their assembly in the cytoplasm
(20). Once in the nucleus, the capsomeres assemble into
empty virion shells, lacking DNA and the core proteins.
Only later are DNA and the core proteins packaged into
these shells (11, 12, 31). This view of adenovirus assembly is
based on experiments involving the isolation of such virion
shells lacking DNA.

Following adenovirus infection, there are changes in cell
morphology which are observable by light microscopy and
are referred to as the cytopathic effect (28, 37). Infected cells
become more rounded and detach from the culture dish.
These gross morphological changes reflect underlying
changes in cytoskeletal and nuclear morphology, which are
best seen by electron microscopy.

Nuclei contain a highly ordered structure composed of
protein and RNA and referred to as the nuclear matrix. This
structure has been isolated by a variety of techniques (3-5, 8,
15, 16, 25) and is involved in cell DNA replication (5, 24, 26)
and the transcription of active genes (10, 17, 34, 35, 38).
Adenovirus DNA is quantitatively bound to the HeLa cell
nuclear matrix at 4 to 24 h after infection (39, 44). Adenovi-
rus RNA transcription and pre-mRNA processing are quan-
titatively associated with the infected-cell nuclear matrix
(23). Newly transcribed RNA and the splicing intermediates
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for adenovirus virion protein L3 and L4 RNAs are associ-
ated with the matrix of HeLa cells at 18 h after infection.
Several adenovirus early-region proteins become bound to
the nuclear matrix, including the Ela positive-acting tran-
scription factors (13, 36). These associations between ade-
novirus metabolism and the host cell nuclear matrix suggest
that adenovirus DNA replication and virion assembly, as
well as viral RNA synthesis, might be localized on the
nuclear matrix of the infected cell.
The association of adenovirus assembly with the nuclear

matrix is not easily seen in ultrastructural studies of infected
cells (21, 30). Such studies have involved the use of conven-
tional embedded-section electron microscopic techniques,
which cannot image most elements of the nuclear matrix
structure (7, 15, 43). In this paper, we report the use of gentle
cell extraction techniques and embedment-free section elec-
tron microscopy, techniques applied in this laboratory to the
study of cell ultrastructure (7, 15), to examine the associa-
tion of virus metabolism and virion assembly with the
nuclear matrix. We show that adenovirus infection causes a
major rearrangement of the nuclear matrix and propose that
the resulting, altered matrix provides a structural framework
on which viral assembly can occur.

MATERIALS AND METHODS

Cell culture and virus infection. Adenovirus serotype 2 was
a gift of P. Sharp, Massachusetts Institute of Technology,
and was propagated in HeLa S3 cells grown by suspension
culture in Eagle minimal essential medium supplemented
with 10% fetal bovine or horse serum. HeLa cells (2 x 107 to
4 x 107) were infected synchronously with 20 to 50 PFU (0.5
to 1 50% tissue culture infective dose) of adenovirus per cell
in 1 to 2 ml of serum-free medium at 32 to 35°C for 60 min.
After infection, the cells were diluted to a volume of 50 to
100 ml with medium supplemented with 5% serum. Control
cells were mock infected by the same protocol. Viral titers
were determined by the plaque assays of Precious and
Russell (32).
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Cell fractionation and electron microscopy. Unless other-
wise noted, all fractionation steps were done at 4°C and are

essentially as described by Fey et al. (15). Cells were washed
with phosphate-buffered saline. For electron microscopy,
cell pellets were suspended in cytoskeleton (CSK) buffer,
which contains [piperazine-N,N'-bis(2-ethanesulfonic acid);
10 mM PIPES pH 6.8], 100 mM KCI, 300 mM sucrose, 3 mM
MgCl2, 1 mM EGTA, 4 mM vanadyl adenosine, 1.2 mM
phenylmethylsulfonyl fluoride, and 0.5% (vol/vol) Triton
X-100. After 3 min, the HeLa cytoskeletal frameworks were

separated from soluble proteins by centrifugation at 600 x g
for 3 min. The cytoskeletal framework pellet was extracted
in RSB-Magik (42.5 mM Tris hydrochloride [pH 8.3], 8.5
mM NaCl, 2.6 mM MgCl2, 4 mM vanadyl adenosine, 1.2 mM
phenylmethylsulfonyl fluoride, 1% [vol/vol] Tween 40, 0.5%
[vol/vol] sodium desoxycholate) for 5 min and pelleted as
before. This step strips away the cytoskeleton, leaving in the
pellet nuclei with their attached intermediate filaments (15).
This nuclear pellet was suspended in digestion buffer (CSK
buffer except with 50 mM NaCl instead of KCl). RNase-free
DNase I (EC 3.1.21.1; Worthington Diagnostics, Freehold,
N.J.) which had been purified by the method of Wilchek and
Gorecki (41) was added to a final concentration of 200 ,ug/ml.
DNase I digestion proceeded for 20 min at room temperature
before ammonium sulfate was added to a final concentration
of 0.25 M, and the mixture was incubated for a further 5 min
before being pelleted as before. This step in the fractionation
removes the chromatin fraction, leaving in the pellets the
nuclear matrix-intermediate filament structures containing
nuclear ribonucleoprotein (RNP) complexes.

Cells at different stages of fractionation were fixed and
prepared for electron microscopy as described by Fey et al.
(15). Briefly, samples were fixed in 2.5% (vol/vol) glutaral-
dehyde in CSK or digestion buffer for 30 min at 4°C,
postfixed in 1% (wt/vol) OS04 in 0.1M sodium cacodylate
(pH 7.2) for 5 min at 4°C, dehydrated in ethanol, and
transferred to n-butanol before embedment in diethylene
glycol distearate. Thin sections were cut by using a Sorvall
Porter-Blum MT-2B ultramicrotome with glass knives. The
embedding medium was removed in n-butanol. Sections
were immersed in ethanol, dried through the CO2 critical
point, and examined with a JEOL EM 100 B electron
microscope at 80 kV.
Samples to be embedded in Epon were fixed, postfixed,

and dehydrated in the same way. The transitional solvent
was propylene oxide, and the sample was embedded in
Epon-Araldite at 60°C for 2 days. Thin sections were cut as
before and double stained with uranyl acetate followed by
lead citrate (33).

RESULTS

The organization of adenovirus into virus-specific organiz-
ing centers in the infected cell nucleus can be observed in
conventional Epon section electron microscopy (21, 30).
Observed in this way (Fig. la and lc), HeLa cell nuclei after
28 h of infection contained virus-specific structures, but the
fine structure of these viral centers was largely hidden by the
embedding resin and by the surrounding cell constituents.
The use of such conventional Epon-embedded thin sections
has been useful, showing that adenovirus rearranges the
nuclear interior, but lack of resolution makes this technique
less appropriate for studying virus-caused rearrangements of
the nuclear matrix. Selective cell extraction and embedment-
free section electron microscopic techniques have been
developed in this laboratory and have proved ideal for the

detailed examination of the nuclear matrix (7, 15). These
new extraction and embedment-free section techniques yield
a dramatically enhanced, although complementary, view of
the virus-infected nucleus. Throughout this paper, we will
examine two different preparations of extracted HeLa cells:
cytoskeletal preparations, which are cells extracted with
0.5% Triton X-100, and the RNP-containing nuclear matrix
preparations which have been further treated with DNase I
and moderate salt concentrations, treatments which remove
chromatin but not the nuclear matrix-associated RNP parti-
cles.
We could see the ultrastructure of adenovirus-organizing

centers in the 28-h-infected HeLa cell nucleus in much better
detail in embedment-free sections than in Epon-sections
(Fig. 1). In these micrographs, of both cytoskeletal prepara-
tions (Fig. lb) and RNP-containing nuclear matrix prepara-
tions (Fig. ld), large, DNase I-resistant, electron-dense
structures were enmeshed in the nuclear matrix and were
associated with nuclear matrix filaments that were them-
selves decorated with viral capsids of about 75 nm in
diameter. The nuclear matrix filaments anchored these struc-
tures to the nuclear lamina. The electron-dense virus struc-
tures had the appearance of altered nucleoli, and, as we shall
discuss later, virus-organizing structures may orient them-
selves around existing nucleoli. In Epon sections (Fig. la
and c), much of the fine structure of the DNase I-resistant
virus centers could not be seen. The filaments of the nuclear
matrix were rarely seen in such embedded sections, except
in cross-section, so that the spatial relationships between the
nuclear matrix filaments and viral capsids and between the
filaments and virus-related nuclear structures could not be
easily seen.

Figure 2 shows mock-infected HeLa cells that were visu-
alized by our extraction and embedment-free section tech-
niques. As discussed in more detail by Fey et al. (15), the
HeLa cell nuclear matrix is a three-dimensional network of
filaments bounded by the nuclear lamina. Large electron-
dense and DNase I-resistant nucleoli are enmeshed in the
interior matrix fibers. After removal of chromatin by DNase
I digestion (Fig. 2b), clusters of 25- to 30-nm RNP granules
were seen associated with the filaments and could be largely
removed by a subsequent RNase digestion (15). Fibers of 10
nm radiated from the exterior of the nuclear lamina into the
cytoplasm and were shown to be intermediate filaments
tightly associated with the nuclear matrix in a nuclear
matrix-intermediate filament complex (15).
We examined the morphological changes in HeLa cells

through various stages of adenovirus infection. These im-
ages are shown in Fig. 3 and should be compared with the
mock-infected controls shown in Fig. 2. It is clear from these
pictures that the major effects of adenovirus infection on cell
structure are changes in the nuclear matrix. The cytoskele-
ton was altered but less profoundly than the matrix.

After 6 h of infection (Fig. 3a and b), most nuclei had
moved to the periphery of the cell. Such peripheral nuclei
were occasionally seen in control cells but were much more
common after infection. Chromatin had condensed around
the nuclear lamina and around the nucleoli. After treatment
with DNase I (Fig. 3b), some nucleoli were vesiculated with
a small electron-transparent region in the center. Some
filaments of the nuclear matrix were visible. These are 0.1
p,m sections through the nuclei (10 ,um in diameter), and so
only a small fraction of nuclear matrix fibers are visible, but
comparisons with control nuclei showed fewer filaments and
some that had collapsed onto the nuclear lamina.
By 13 h after infection (Fig. 3c and d), there were
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FIG. 1. Morphology of adenovirus-infected cells as revealed by Epon section and embedment-free techniques. These are views of HeLa
cells after 28 h of adenovirus infection shown at a magnification of x34,200. (a) Epon section of a cytoskeletal preparation. (b)
Embedment-free section of a cytoskeletal preparation. (c) Epon section of an RNP-containing nuclear matrix preparation. (d) Embedment-
free section of an RNP-containing nuclear matrix preparation. Symbols: N, nucleus; L, nuclear lamina; Cy, cytoplasmic region; F, filament
of the nuclear matrix; double arrowheads, virus center; v, viral capsids. All micrographs show the interior of the infected cell nucleus. Viral
capsids are imaged by both techniques, but the connections between capsids and the filaments of the nuclear matrix are seen best in
embedment-free sections. In Epon sections, these filaments are rarely seen except in cross-section and the spatial relationships between viral
capsids, viral centers, and the nuclear matrix are not easily visualized.

crenulations of the nuclear lamina. This has been observed
in Epon-embedded sections by Lenk et al. (21), who pro-

posed that nucleus-cytoplasm interactions are altered after
infection. Some evidence for this could be seen in the
cytoplasm surrounding the nucleus (Fig. 3c). The electron
density of this area was lower than that of the peripheral
cytoplasm, creating a halolike corona around the nuclets.
This rearrangement of the cytoskeleton around the nucleus
may be related to the laminar crenulation, since the inter-
mediate filaments are anchored in the nuclear lamina (15).
Compared with the 6-h infected cell (Fig. 3a and b), the
chromatin was more condensed onto the nucleoli at 13 h and
electron-dense areas, which may be virus-specific organizing
centers, had appeared throughout the nucleus. Many of
these structures were DNase I resistant (Fig. 3d) and were

connected by the filaments of the nuclear matrix to each
other and to the nuclear lamina. Many of the large electro-
dense structures which at 6 h looked like modified nucleoli
were granulated by this stage of infection, while a few

remained amorphous or uniformly electron dense (Fig. 3d).
The progression of morphological changes through infection
suggests that nucleoli may be at the locations around which
virus-related inclusions become organized.
At 28 h after infection (Fig. 3e and f), virus-related

structures were prominent throughout the nucleus. Chroma-
tin was very condensed, making it easier to see the nuclear
matrix filaments that connected the many viral structures.
Some of these structures are granulated, and some are
uniformly electron dense. After DNase I treatment (Fig. 3f),
areas within some of the granulated structures that may be
fibrillar are visible.

High-magnification views of the adenovirus-infected
HeLa cells (Fig. 4 to 6) showed in much greater detail the
structural rearrangements accompanying infection. At 6 h
after infection (Fig. 4), the cytoplasm of infected cells
contained flattened vesicles associated with the meshwork of
cytoplasmic fibers. These structures were not present in
control cells, and in infected cells, they were present in
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FIG. 2. Cytoskeleton and nuclear matrix of uninfected HeLa
cells. These micrographs, shown at a magnification of x 10,200, are

of embedment-free sections of control, mock-infected HeLa cells.
(a) Cytoskeleton preparation. (b) RNP-containing nuclear matrix
preparation. Symbols: Nu, nucleolus; L, nuclear lamina; Cy, cyto-

plasmic region; F, filaments of the nuclear matrix; I, intermediate
filament. These are control views of the nuclear matrix and should
be referred to for comparison when viewing pictures of infected
cells. The nuclear lamina and nucleoli are easily visible. Intermedi-
ate filaments in the cytoplasmic region connect to the nuclear
lamina. DNase I digestion removes chromatin, making the filaments
of the nuclear matrix easier to see.

decreased numbers by 13 h and were not seen by 28 h.
Occasionally, viral capsids were seen in the cytoplasm.
These had the electron density of complete virions and not of
empty capsids, and so they may be virions which had
unproductively infected these cells. Aggregates of polyribo-
somes were present in the cytoplasmic region, enmeshed in

the filaments of the cytoskeleton.
High-magnification views of 13-h-infected cells (Fig. 5)

show the crenulated nuclear lamina in good detail. In many

cells there appeared buds of lamina protruding from ex-

truded sections of the lamina. Occasionally, these may have

completely detached from the nucleus, existing as cytoplas-
mic structures or blebs (Fig. 5a), although we cannot exclude

the possibility that they were connected to the lamina at a

point outside this section. Electron-dense virus-related
structures were seen in the nucleus in both granular and
amorphous forms. After DNase I digestion (Fig. 5b), these
structures could be clearly seen to be connected to each
other by nuclear filaments which had become thickened and
which were decorated with occasional viral capsids. These
immature capsids had a lower electron density than did the
mature virions seen later in infection. We believe these were
empty capsid shells without DNA or the core proteins.
Many mature virions were seen in the nuclei of 28-h

infected HeLa cells (Fig. 6). Each nucleus had been trans-
formed into a large virus factory consisting of three distin-
guishable types of structure: amorphous electron-dense
structures, granular regions from which virions were emerg-
ing, and filamentous attachments between these regions,
attaching them to the nuclear lamina. The nuclear matrix
filaments were decorated with two types of capsid, one
having the density of mature virions and the other having the
density of immature capsids. The association of capsids with
filaments suggests that these filaments may be involved in
transporting virions and various packaging intermediates
between different virus-related structures in the nucleus.
The attachments of viral capsids and the filaments were best
seen in high-magnification views (Fig. 6b and c), which most
clearly showed virions emerging from granular regions of the
virus-organizing regions of the nucleus.
The three-dimensional arrangement of virus-organizing

centers and their connecting filaments can be seen most
clearly in stereo electron micrographs. Figure 7 presents
such an image of HeLa cells after 28 h of infection. The
filaments connecting amorphous and granular virus centers
were decorated with capsids and mature virions. The fine
structure of granular virus-related structures was seen better
in this stereo view. Viral capsids could be seen within these
structures by 28 h, suggesting that these are the regions in
which capsids are assembled from capsomeres, DNA, and
core proteins. The higher electron density of the amorphous
regions makes both their internal structure and their possible
function more obscure.

Infected HeLa cells had been lysed by 48 h after infection
(Fig. 8). Remnants of the nuclear virus-related structures
remained, and many virions were still attached to the resid-
ual nuclear matrix filaments. Release of virions took place
slowly after cell lysis. Virions could be seen in the cytoplas-
mic regions as well as in the nuclear regions of these lysed
cells, where some appeared to be attached to intermediate
filaments.

DISCUSSION
Viral metabolism-transcription, translation, DNA repli-

cation, and viral assembly-does not take place in the
soluble phase but rather occurs in association with the
structural elements of the cell (reviewed in references 22 and
27). Many examples of this association of viral metabolism
with cell architecture exist. The RNA metabolism of
poliovirus (40) and simian virus 40 (1) occurs in association
with the cytoskeletal framework. Virus-encoded polypep-
tides are associated with the cytoskeleton for both vesicular
stomatitis virus (40) and herpes simplex virus (2). The herpes
virus structural proteins are initially cytoskeletal but then
enter the nucleus, where they are assembled into capsids on
the nuclear matrix (2, 6, 14). The vesicular stomatitis virus
nucleocapsid (9) and the poliovirus nucleocapsid (40) are
assembled on the cytoskeleton.
Adenovirus is a nuclear virus; its transcription, DNA

replication, and assembly occur in the nucleus (reviewed in
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FIG. 3. Morphological changes at different times after adenovirus infection. This figure shows a time course of adenovirus-induced
morphological changes, all shown at a magnification of x9,300. (a, c, and e) Cytoskeletal preparations. (b, d, and f) RNP-containing nuclear
matrix preparations. Symbols: Nu, nucleolus; L, nuclear lamina; F, filament of the nuclear matrix; double arrow heads', virus center; *,
indentation in the nuclear lamina. (a and b) At 6 h after infection, the nucleus had moved to the periphery of the cell. This is more
characteristic of infected cells. Chromatin was becoming condensed around the nucleoli and around the nuclear lamina. (c and d) By 13 h after
infection, the nuclear lamina had become crenulated, changing the shape of the nucleus. Some of the indentations in the nuclear lamina (*)
formed pinched-off pockets of cytoplasmic material in the nucleus. Large, electron-dense, DNase-resistant structures are visible in the
nucleus. These might be either residual nucleoli or virus centers. There is a corona of decreased electron density around the nucleus, reflecting
a rearrangement of intermediate filaments in that region. After DNase I digestion (panel d), the crenulations are not seen. Nuclear matrix
filaments are aggregated around virus centers and link these centers together and to the nuclear lamina. (e and f) By 28 h after infection, the
nucleus had become one large virus center consisting of uniformly electron-dense regions and granulated regions connected by the filaments
of the nuclear matrix to each other and to the nuclear lamina. Some of the crenulations in the nuclear lamina had become extreme evaginations
(*). Again, these cannot be seen after DNase I digestion (panel f). The cytoplasm around the nucleus has regions with few intermediate
filaments (panel e).
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FIG. 4. Adenovirus-infected cells at 6 h after infection. This is a higher-magnification micrograph (x27,000) than in Fig. 3 and shows the
filaments of the nuclear matrix and cytoskeleton in greater detail. (a) Cytoskeletal preparation. (b) RNP-containing nuclear matrix
preparation. Symbols: Nu, nucleolus; L, nuclear lamina; Cy. cytoplasmic region; P, polyribosomes; B, electron-dense cytoplasmic bodies;
F, filamnent of the nuclear matrix; v, virion; Vf, flattened vesicle. In panel a, the nucleolus is close to the nuclear lamina and seems to have
chromatin condensed around it and is surrounded by areas free of chromatin. Aggregated polyribosomes are enmeshed in the network of
intermediate filaments, which also entrap electron-dense bodies (marked by B). After DNase I digestion (panel b), chromatin was removed,
revealing in greater detail the filaments of the nuclear matrix. A flattened vesicle can be seen in the cytoplasmic region, as well as a virion
which may have unproductively infected this cell.
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FIG. 5. Adenovirus-infected cells at 13 h after infection. These micrographs are presented at a magnification of x45,000. (a) Cytoskeleton
preparation. (b) RNP-nuclear matrix preparation. Symbols: L, nuclear lamina; Cy. cytoplasmic region; F, filament of the nuclear matrix;
double arrowheads, virus center in the nucleus; v, viral capsid; P, aggregated polyribosomes; *, blebs of nuclear material in the cytoplasm.
Aggregates of polyribosomes can still be seen enmeshed in the intermediate filaments. The nuclear lamina in panel a is crenulated and has
condensed chromatin along its nuclear surface. Material with the density of nuclear material is budding from the nuclear lamina and may pinch
off completely, forming nuclear blebs (*) in the cytoplasm. After DNase I digestion, chromatin was removed, and within the nucleus, virus
centers consisting of both amorphously electron-dense and granulated regions are seen connected to each other and to the lamina by filaments
of the nuclear matrix. Viral capsids can be seen emerging from regions of the virus centers. These are less electron dense than mature virions
and may therefore be empty capsids.
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FIG. 7. Stereo micrograph of an infected cell at 28 h after infection. This view of a cytoskeletal preparation is shown at a magnification
of x 30,000 and shows only the nuclear region of the cell. Viral capsids (v) are bound to the nuclear matrix filaments which connect regions
of the virus center to each other and to the nuclear lamina. The granulated regions of the virus centers are revealed in greater detail in stereo.
Many granulations are the size of (75 nm) and are seen to be viral capsids. These granulated regions may be regions of capsid assembly or
virion storage. A viral capsid (*) can be seen enmeshed in the central virus center. The details in this micrograph can be best seen with the
use of a standard stereo viewer.

reference 19). It would seem likely, therefore, that adenovi-
rus metabolism occurs in association with the underlying
structural elements of the nucleus, the nuclear matrix. In
fact, transcription of adenovirus sequences and their splicing
into mature mRNA is known to occur on the nuclear matrix
(23), and adenovirus early region proteins have been found
bound to the nuclear matrix (13, 36), where they may be
involved in regulation of viral transcription.

Traditional Epon embedment section electron microscopy
is a very good technique for showing many features of cell
morphology. This technique preserves cell organelles and
provides a good view of membrane systems and the connec-
tions between them. It would be the ideal technique for
studying, for example, the changes in smooth endoplasmic
reticulum that follow adenovirus infection (21). Unfortu-
nately, the use of stained Epon-embedded sections is not
ideal for studying the cytoskeleton or nuclear matrix of cells.
For example, the filaments of the nuclear matrix, which
connect virus-related structures and the nuclear lamina, are
seen only in cross-section (Fig. 1) unless they are both close
to and parallel to the surface of the section, something which
occurs rarely. Thus, a different technique is required for the
study of adenovirus interactions with the cytoskeleton or

nuclear matrix. A set of extraction and sectioning techniques
which are ideal for studying the filamentous skeletons of the
cell and which have been used in this study to examine
adenovirus-specific rearrangements of the nuclear matrix
have been developed in this laboratory (7, 15). These tech-
niques involve the use of embedment-free section electron
microscopic procedures similar to those pioneered by
Wolosowick (43).
The extraction technique used in this study has several

steps (15). In the first step, the plasma membrane lipids are
removed and the soluble components of the cell diffuse away
in 0.5% Triton X-100, leaving an extensive cytoskeletal
framework and nucleus. In some cases, cells are fixed,
sectioned, and examined after this step. In others, the
cytoskeleton is then stripped by extraction with double
detergent in RSB. This step leaves demembranated, chro-
matin-containing nuclei with attached and radiating interme-
diate filaments. The chromatin is removed by digestion in
DNase I followed by extraction with 0.25 M ammonium
sulfate. The resulting RNP-containing nuclear matrix-
intermediate filament preparation is then fixed, sectioned,
and examined.

Extracted cells are prepared for electron microscopy by

FIG. 6. Adenovirus-infected cells at 28 h after infection. These are higher-magnification micrographs of the cytoskeleton and nuclear
matrix than were presented in Fig. 3. Symbols: L, nuclear lamina; Cy, cytoplasmic region; F, filament of the nuclear matrix; double
arrowheads, virus center in the nucleus; v, viral capsids. (a) This micrograph of a cytoskeleton preparation, shown at a magnification of
x 22,000, reveals a large virus center in the center of the nucleus connected by filaments of the nuclear matrix to the nuclear lamina. Mature
virions can be seen emerging from this structure, and they decorate the nuclear matrix fibers. The large virus-specific structure of virus center
consists of both amorphous dense regions and granulated regions. (b) This micrograph shows a similar cytoskeleton preparation at a higher
magnification (x 120,000). We can see the intimate contact between the filaments of the nuclear matrix and virions and the anchoring of those
filaments in the corner of a viral center from which virions appear to be emerging. (c) This micrograph shows the interior of the nucleus in
an RNP-nuclear matrix preparation at a magnification of x41,000. Filaments of the nuclear matrix can be seen connecting the DNase
I-resistant virus center to the nuclear lamina, which is cut in a tangential way in this section. These filaments are beginning to bundle, and
virus centers are beginning to overlap onto the filaments. Virions decorate these filaments, especially in the vicinity of the virus center.
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FIG. 8. Lysed cell at 44 h after infection. This micrograph shows a cytoskeletal preparation of a lysed cell at a magnification of x 27,000.
Many virions (v) are attached to the remnants of the nuclear matrix filaments in the nucleus and to intermediate filaments in the cytoplasmic
region which are connected to the nuclear lamina (L).

fixation in glutaraldehyde and embedment in diethylene
glycol distearate. After sectioning, the diethylene glycol
distearate embedding resin is removed by solvent extraction.
The section is viewed without staining of any type. The
filaments of the cytoskeleton and nuclear matrix can be
easily seen without staining in the absence of embedding
material. The lack of embedding resin allows us to see the
interior of the section and not just the surface.
These techniques provide a unique window to the progres-

sive adenovirus-caused rearrangements of the nuclear ma-
trix following infection. Rearrangement of the nuclear matrix
was evident as early as 6 h after infection and continued
progressively until the nucleus had become one large virus
factory that produced virions and stored them until cell lysis.
At 6 h after infection, chromatin was seen collapsing

around nucleoli to form large electron-dense structures
which were larger than the nucleoli of control cells. It
appears to us that these altered nucleoli mark the focus
around which the nuclear matrix is rearranged into virus-
related structures. It is difficult to determine exactly when a
nucleolus has become a virus center. Certainly, at later
stages of infection, when viral capsids can be seen in these
structures, they are virus centers. It will be interesting to
determine in future studies whether nucleolar material is
retained within these structures late in infection.
As infection progressed to 13 h, there was further conden-

sation of chromatin onto these amorphously electron-dense
centers and there appeared smaller electron-dense structures
in the nucleus which were connected to each other, to the

larger centers, and to the nuclear lamina by the fibers of the
nuclear matrix. By 28 h, many granulated areas had ap-
peared in the nuclear matrix. In high-magnification views,
these could be seen to contain viral capsids of about 75 nm
in diameter. More capsids could be seen emerging from
these granulated structures and bound to the nuclear matrix
fibers that hold these structures together and anchor them to
the nuclear lamina.
We propose that virus-related structures of the nuclear

matrix are composed of at least three areas which we see by
electron microscopy as (i) amorphously electron-dense re-
gions with capsid sized granulations on their periphery, (ii)
granulated regions whose granulations are composed of viral
capsids, and (iii) filaments which connect these structures to
each other and anchor them to the lamina. The decoration of
filaments with capsids suggests that they may be involved in
the transport of capsids and capsid intermediates between
the other structures. The granulated regions contain capsids,
and we propose that they are regions of capsid assembly and
storage. Amorphous regions have the electron density of
DNA and may be the sites of viral DNA replication. The
apparent emergence of capsid-sized granulations from their
periphery suggests to us that DNA is packaged into empty
capsid cores at this location.
There are two distinguishable types of viral capsid, both of

the same size but differing in their electron density. The most
likely explanation for this is that the less electron-dense
capsids represent the immature capsids that have been
constructed from capsomeres, while the more electron-
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dense capsids are more mature forms having viral genomic
DNA and the core proteins packaged within them. At 13 and
28 h, there are also microparticles of about 11 nm in diameter
associated with the nuclear matrix fibers and seen only in
high-magnification micrographs (not shown). These may
represent the capsomeres from which empty viral capsids
are assembled.
The nuclear lamina changes dramatically between 6 and 13

h of infection, becoming crenulated. This phenomenon has
been observed in conventional Epon-embedded sections by
Lenk et al. (21), who found points at which the nuclear
envelope folded back on itself, forming a trilaminar config-
uration. They suggested that these regions sometimes bud
off to form nuclear vesicles or blebs in the cytoplasm, Such
blebs can be seen in Fig. 4. These nuclear pieces have the
density of condensed chromatin and may contain chromatin
which first collapsed onto the lamina. Lenk et al. (21)
proposed that these changes in the nuclear lamina were

evidence of altered nucleus-cytoplasm interactions. We can
see other evidence of changes at the nucleus-cytoplasm
boundary. The cytoskeleton in the perinuclear region of the
cytoplasm has decreased in fiber density by 13 h after
infection (Fig. 3c), producing a halolike effect around the
nucleus. The real significance of nuclear lamina and
perinuclear cytoplasmic changes can only be speculated
about and requires much further study.
The use of gentle, progressive extraction techniques and

of embedment-free section electron microscopy provides a

new view of the rearrangements in nuclear structure that
accompany adenovirtis infection. The combination of these
techniques with immuno-gold staining for specific adenovi-
rus proteins and with in situ hybridization of adenoviral
nucleic acid sequences should facilitate the more complete
understanding of adenovirus metabolism and assembly.
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